The study investigates the self-sensing ability in an energy harvesting magnetorheological damper (EHMRD). The device consists of a conventional linear MR damper and an electromagnetic harvester. The objective of the work is to demonstrate that the EHMRD with specific self-powered feature can also serve as a velocity sensor. Main components of the device and design structure are summarized and its operation principle is highlighted. The diagram of the experimental set-up incorporating the measurement and processing unit is provided, the experimental procedure is outlined and data processing is discussed. The self-sensing function is proposed whereby the relative velocity of the EHMRD can be reconstructed from the electromotive force (emf) induced in the harvester coil. To demonstrate the adequacy of the self-sensing action (i.e., the induced emf should agree well with the relative velocity), the proposed self-sensing function is implemented and tested in the embedded system that will be a target control platform. Finally, the test results of the system utilizing a switching control algorithm are provided to demonstrate the potentials of the EHMRD acting as a velocity sensor and to confirm its applicability in semi-active vibration control systems.
INTRODUCTION
It is a well-established fact that vibrating objects such as machines, equipment, vehicles, engineering structures and so on generate mechanical energy that might be used as an energy source. This energy, otherwise wasted, could be converted into usable electrical energy to power sensors or/and actuators, thus eliminating the need of external energy power sources, making the systems self-powered. Inspired by this concept, researches have already achieved the most promising results in the energy harvesting area.
Most studies on EHMRDs have focused on their self-powered ability whilst less attention has been given to their self-sensing feature. According to the authors, this aspect seems of great importance too, meriting full attention and extensive research efforts. The present study investigates this specific feature in the engineered MR damper integrated with an electromagnetic energy harvester (Sapiński, 2014) . Formerly, this damper was tested in a semi-active vibration control system employed in a 1 DOF mechanical structure configuration but research efforts at that time focused mainly on the self-powering feature of the device (Sapinski and Rosół, 2016).
The last decade has witnessed a major interest in EHMRDs. A growing number of research reports have been published, summarizing the developments and achievements in this area. It is worthwhile to mention that several solutions have already been patented. Recent advancements in the area of EHMRDs have been summarized in the work by Ahamed et al. (2016) . This comprehensive review shows that the concept of MR dampers with power generation still remains a challenging problem. Moreover, extensive research efforts have been made to implement EHMRDs in automobiles, railway vehicles and so on, and to evaluate their performance. A thorough review of recent research reports on the subject is presented below.
Choi and Werely (2009) investigated the feasibility and efficiency of a self-powered MR damper using a spring-mass electromagnetic energy harvester. Zhu et al. (2012) investigated the feasibility of linear motion electromagnetic devices for civil infrastructure to be used for vibration damping and energy harvesting. Jung et al. (2010a) demonstrated that an electromagnetic energy harvester incorporated in the MR damper-based system may act as a velocity-sign sensor. Also, Jung et al. (2010b) showed that such a harvester could act as a relative velocity sensor in typical control strategies for MR damper-based systems. Wang et al. (2010) proposed an integrated relative displacement self-sensing MR damper to realize the integrated relative displacement sensing and controllable damping. Wang and Bai (2013) developed this idea and fabricated and tested such an MR damper prototype. Peng et al. (2011) formulated the concept and proposed the optimization of the self-sensing MR damper that superposes the information of the damper's motion to the emf signal, which can be further modulated via the feedback strategy. Chen and Liao (2012) investigated a newly developed MR damper prototype with self-powered and self-sensing abilities. Liao and Chen (2010) accordingly filed the patent application for the conceptual design of the device. Zhu et al. (2012) studied the self-powered and sensor-based MR damper systems, which could be particularly useful in large-scale civil structures where the power supply is impractical. Li et al. (2013a) presented an innovative concept of a so-called mechanical motion rectifier, which converts bidirectional motion into unidirectional motion. Li et al. (2013b) developed a retrofittable design of a shock absorber based on permanent magnets and rack-pinion mechanism. Ni et al. (2015) developed and identified inverse dynamics of a self-sensing MR damper that may be applicable for structural control applications. Chen et al. (2015) presented a self-sensing MR damper with an embedded piezoelectric force sensor and demonstrated its reliable force sensing and controllable damping capabilities by the use of NARX modelling and neural network techniques. Hu et al. (2015) developed a novel MR damper with a self-induced ability integrated with a linear variable differential sensor based on the electromagnetic induction mechanism and evaluated its static and dynamic behaviour through experimental testing. Also, Hu et al. (2015) proposed a self-sensing MR damper with an electromagnetic induction mechanism, which has both good self-sensing ability and controllable damping capability. Xinchun et al. (2015) proposed an MR damper with a self-powered ability equipped with vibration energy harvesting mechanism based on ball-screw and a rotary permanent magnet dc generator, and indicated the feasibility of this configuration. Xinchun et al. (2017) developed the MR damper with velocity self-sensing mechanism based on the optical tracking technology and numerical circuit technology, and demonstrated its high accuracy monitoring capability and sufficient ability to control the MR damper. Ahamed et al. (2016) proposed an MR damper with the energy harvesting component, and through the tests, revealed the maximum induced output voltage.
The objective of the present study is to demonstrate that the engineered EHMRD that exhibits self-powered ability can also act as a velocity sensor in vibration control systems. The work is organized in the following manner. Section 2 outlines the structure of the EHMRD. Section 3 provides the harvester configuration, basic geometry and electrical parameters, and highlights its operating principles. Section 4 summarizes the experimental set-up description, the measurement and processing unit, the experimental and data analysis procedures. In Section 5, the main focus is on the self-sensing function, its identification and verification. This function has been implemented in the STM32F407 processor embedded system and the application with switching control algorithm is shown to confirm the harvester performance as a velocity sensor. Final conclusions are provided in Section 6.
STRUCTURE OF THE EHMRD
The cut-off view of the EHMRD is shown in Fig. 1 . The device is symmetrical and incorporates two major components: the harvester and the MR damper. A piston rod (1) made of ferromagnetic steel moves inside a brass lid (2) . Rubber seals (3) prevent MR fluid leaking. The rod is bolted to the piston (4). In the piston, there is the MR damper control coil (5) power-supplied via a wire (6) in the rod. The piston moves inside the damper housing (7) made of ferromagnetic steel and connected to the harvester housing (8) made of aluminium, via a brass connector (9) . The piston is connected to the harvester via a rod (10) made of non-magnetic steel. On the rod in the harvester are three arrays of ring-shaped neodymium magnets, magnetized axially (11), separated from one another by spacers (12) made of ferromagnetic steel. The diameter of the magnets is identical to that of the spacers. Magnets and the rod move inside the immobile housing (13) made of ferromagnetic steel. The harvester's coil (14) , wound on the carcass and placed inside the housing, has two-sections with copper foil. The sections are connected such that induced emfs should sum up. The middle point along the height of the sections coincides with the point half-way between the magnet arrays. The aluminium lid (15) locks the harvester coil housing in place. Linear guiding of the damper rod and harvester is affected through the use of slip sleeves (16) . A holder (17) is bolted to the lid in the damper, enabling its assembly in various configurations.
Fig. 1. EHMRD; cut-off view

CONFIGURATION AND OPERATING PRINCIPLE OF THE HARVESTER
This configuration of the harvester has evolved as the results of extensive research efforts collated in Sapiński (2008; 2010 . These studies summarized the numerical calculations, design considerations, fabrication and experimental testing procedures, and engineering of the electromagnetic harvester for a linear MR damper. The present harvester configuration is shown in Fig. 2a . Dimensions of its main components are as follows: magnets (hm = 5 mm, dmi = 20 mm, dme = 80 mm), coil (Hc = 54 mm, dci = 86 mm, dce = 127.6 mm), spacers (Hg = 20 mm), carcass (Hca = 58 mm, gca = 2 mm), coil housing (Hh = 86 mm, wh = 3 mm).
The copper foil used in the harvester coil is 50 mm in width and 0.05 mm in thickness, with one-sided insulation 54 mm wide and 0.03 mm thick. The winding sections have identical height and the number of turns is 273. The height of an air slit between the carcass and the system of magnets is 1 mm. Fig. 2b illustrates the magnetic flux distribution calculated with respect to the centre of the harvester coil winding sections (Coil H1 and Coil H2). It is apparent that the harvester coil's housing and a portion of the magnets is permeated by the magnetic flux linkage encompassing the coil turns. The magnet systems assembly and coil assembly of the harvester are shown in Figs. 2c, d. The operating principle of the harvester unit relies on Faraday's law, which states that relative motion of stationary magnets with respect to the coil will induce an emf. This emf is proportional to the velocity across the device, and hence, it may serve as a velocity sensor. The concept of using the harvesting component to reconstruct the velocity signal and to supply the MR damper is illustrated in an equivalent circuit in Fig. 3 . For simplicity, let us assume that all circuit components are linear. When the switch contact is in the 'close' position, Coil H1 (resistance R1 and inductance L1 in series) acts as a measuring coil since it will have the induced emf e. When the switch contact is in the 'open' position, Coil H2 (resistance R2 and inductance L2 in series) acts as the coil supplying the MR damper (resistance Rd and inductance Ld in series). Depending on the switch position, the EHMRD operates either under idle run (as a sensor) or under the load (as an energy source). One has to bear in mind that the core loss effect in the device has been neglected because of low-frequency excitations during the tests. In order to account for core loss effects, it is required that an equivalent resistance in parallel with inductance Ld should be incorporated in the circuit in Fig. 3 . Resistance of the harvester coil (Coil H1 and Coil H2) becomes R1 + R2 = 2.45 Ω and inductance L1 + L2 = 141 mH. Resistance of the MR damper coil is Rd = 3.6 Ω and inductance Ld = 71 mH.
Fig. 3. Equivalent circuit of the EHMRD under idle run and under the load
EXPERIMENTS AND DATA ANALYSIS
To obtain the data requisite for the reconstruction of velocity across the EHMRD, measurements were taken of emf induced in the harvester coil in the experimental set-up incorporating a testing machine MTS 810 controlled via a FlexTest SE controller (MTS, 2006) . The diagram of the experimental set-up is shown in Fig. 4 . The measurement unit based on high-precision operational amplifiers was used for gain regulation and to offset the measured analogue quantities. The processing unit, based on the STM32F407 processor, has all the requisite peripheral systems ensuring the sufficient computational capacity of CPU and FPU units (STMicroelectronics, 2017 ). Embedded system was tested using the following peripheral blocks integrated in the structure: analogue-digital converter (ADC), timers/counters units capable of interrupts and PWM signal generation, and a serial port UART. Two channels of a 12-bit A/D converter are responsible for velocity and emf measurements, conditioned by the measurement unit. The measurement unit converts the measured voltages into voltages from the range (0, +3.3) V, acceptable by STM32F407 processor. Thus, the processed data are duly transmitted (via an UART port), monitored and uploaded to a PC. Recorded data are sampled with the frequency of 1 kHz (periodical interrupt-driven function). Four additional digital outputs pin of STM32F407 processor are used to measure the sample time period (T0), time duration of velocity reconstruction from emf (TA), time duration of control algorithm (TC) and time of data transmission (TS). To reconstruct the velocity across the EHMRD, the authors propose the self-sensing function that is determined in a multistage procedure. Stage 1 consisted of the initialization of the peripheral systems and parameters of the processing unit. In Stage 2, the type and parameters of the input excitations (piston rod displacement ) were selected, alongside the operating mode of the device (under idle run or under the load). In Stage 3, the velocity ̇ and emf data registered under idle run ( ) and under the load ( ) were uploaded to a PC. Stage 4 involved the analysis of measurement data supported by MATLAB; moreover, the actual form and parameters of the self-sensing function were determined accordingly. In Stage 5, the self-sensing function was verified using a different set of data.
In Stage 4, the measurement data were analysed and processed in the time and frequency domain. The time-domain analysis involved the comparison of time histories of velocity ̇ and emf , in the case of the frequency domain analysis, the Digital Fourier Transform (DFT) values of respective quantities were compared for the assumed inputs excitations . DFT modulus was calculated using the fft.m of MATLAB function based on the Cooley-Tukey algorithm (Frigo and Johnson, 2005) . The number equal to the nearest power of 2 greater than the length of the registered data was used as the FFT points number. The missing data of an input vector are padded with trailing zeros to the determined FFT length. It is reasonable to suppose, therefore, that the time history of rod velocity x ̇ could be reconstructed from emf readouts . Hz  Fig. 6 . DFT values of velocity and emf; sine input
VELOCITY RECONSTRUCTION
Identification of self-sensing function
Following the discussion, the self-sensing function ̇= ( ) is proposed, defined by the first-order polynomial. When analysing the problem in time domain, the first harmonic amplitude of the velocity ̇1 and emf ̇1 calculated from the time series at each frequency in the range (1, 7) Hz yields the formula:
In frequency domain, the first harmonic modulus of the velocity |̇1( )| and emf | 1 ( )|, determined from DFT series at each frequency in the range (1, 7) Hz, yields the formula:
The values of parameters a and b calculated by the least square method (polyfit function available in MATLAB) are summarized in (1) and (2) was evaluated recalling the Pearson's linear correlation coefficient r. Fig. 7, 8 show the relationship (1) and (2) Table 1 were selected based on the computed values of MSE (Mean-Squared Error) between the measured velocity ̇ and reconstructed velocity ̇ defined as follows:
where M is the number of samples per a single period of input displacement x(t). Each pair of values of parameters a and b (Table 1 ) was recalled to compute the velocity ̇ reconstructed from for two data sets registered under idle run and under the load for each frequency in the range (1, 7) Hz. Fig. 9 gives the medium MSE error computed for each data set, in accordance with the formula:
where: K = 7 is the number of input frequencies; D = t in time domain or D = f in frequency domain; m, n = 1, 2, 3 are data sets used to obtain the parameters a and b (m) and to reconstruct velocity from emf (n).
Fig. 9. Medium value of MSE error calculated for each data set
It appears that the smallest error value , is obtained for a and b values derived for the data set 1,1 , that is why these values of a and b were recalled in further considerations. Fig. 10a , 10b compare the plots of measured velocity ̇ with that reconstructed from formula (1) ̇ for sine excitation inputs and at frequency 1 Hz and 7 Hz. Recalling the switching algorithms widely used in semi-active vibration control systems, such as sky-hook and ground-hook algorithms (Karnopp et al., 1974) expressed by formula (5) and (6), it is clearly apparent that in order to calculate the control usky or ugrd, the velocity ̇ should be determined with sufficient precision.
where ̇ is velocity of a sprung mass and ̇ is velocity of an unsprung mass. In the context of these algorithms, of particular importance are the points where the velocity sign should change. The maximum time between the instants when the signs of velocity ̇ and ̇ should change is found to be 600 μs, determined from the respective time histories. This value is almost equal to the sampling period 1 ms. 
Verification of self-sensing function
In order to verify the introduced self-sensing function, the triangle displacement input was applied. Figs. 11, 12 plot velocity ̇ readout from vibrometer and the reconstructed velocity obtained under idle run ̇ and under the load ̇. It appears that the time instants when the velocity sign is changed are determined with the level of accuracy 600 μs. Most significant differences are registered for constant values of velocity ̇ and ̇, which is associated with the steady-state emf value having approached emf ( ). 
Implementation and application of self-sensing function
The proposed and duly verified self-sensing function has been implemented and tested in a STM32F407 processor embedded system. For the purpose of testing, the clock and peripheral systems of the processor STM32F407 were duly configured and the adequacy of velocity measurement and velocity ̇ reconstruction from emf was tested. Further, testing was done to investigate the temperature correction of parameters a and b in the harvester characteristic and the effectiveness of the sky-hook algorithm. Figs. 13a, 13b show time histories of velocity ̇ and velocity ̇ derived in accordance with algorithm (1), initiated upon the processing unit for sine wave inputs at frequency 1 and 7 Hz. It appears that the results agree well with those given in Fig. 10 , which confirms the effectiveness of channel configuration and the adequacy of the self-sensing function.
To illustrate the correction to the characteristic ̇1 = ( 1 ), emf generated by the harvester is assumed to be temperaturedependent. This effect is attributable to the reduced magnetisation of ferromagnetic steel with increasing temperature (Kittel, 1996) . The proposed correction of the self-sensing function with respect to the measured temperatures involves the modification of values of coefficients a and b, according to the identified characteristics a(T) and b(T). Fig. 14 plots time histories of temperature and the values of coefficients a and b. Apparently, the value of a tends to increase with increasing temperature, thus compensating for the decrease of the emf generated by the harvester. In the investigated temperature range, the value of coefficient b remains almost unchanged. The temperature-dependence of a and b is illustrated in Figs. 15, 16 .
The operating principle of the sky-hook control algorithm (5) running on STM32F407 under the applied sine inputs with frequency 1 Hz and 7 Hz is presented in Fig. 17a, 17b . The value of control is effected through comparing the readouts of instantaneous sprung mass velocity ̇ and reconstructed velocity ̇ values. When the energy in the system is to be dissipated, the value of control voltage is set equal to , producing the current in the MR damper coil. At the remaining time instants when the velocity product ̇•̇< 0, the control value = 0, which corresponds to the current level equal to 0. A single measurement of TA, TC, TS and T0 is insufficient to confirm the time stability involved in particular phases of application code/algorithm execution; that is why, the measurement procedure had to be repeated several time. Results are summarized as histograms in Figs. 19-22 . The velocity reconstruction time duration TA is found to be 114.3  10 -6 with jitter 10  10 -9 s, the control algorithm time duration TC is equal to 2.64  10 -6 s with jitter 80  10 -9 s. The time of data transmission TS from the processing unit to the computer is equal to 620  10 -6 s with jitters 2  10 -6 s. The sample period T0 equals 1  10 -3 s with jitter 1  10 -6 s. Actually, the sampling period in TA, TC, TS and T0 measurements can be taken as constant because the jitter is attributed mostly to the adopted method of measurements. The sum of control algorithm time duration and of data transmission time is found to be less than T0. Actually, the final solution of the embedded system will not involve data transmission to a PC, which will vastly reduce the processor time, which should be spent on the implementation of advanced algorithms for correcting the characteristic ̇= ( ) and control of the EHMRD. Power required to supply the measurement and processing unit determined using a power-supply DP832 (RIGOL, 2016) and a digital multimeter DM3058 (RIGOL, 2015) was found to be 0.4 W (supply voltage: +5 VDC, current: 80 mA). The power level was measured for the CPU operated in the run mode at 168 MHz, while the peripheral systems were active and supported by the application. The predicted current uptake by the CPU unit obtained in CubeMX taking into account all peripheral systems and GPIO becomes 46 mA (supply voltage +3.3 VDC, yielding the power ratings of. 0.15 W). Results summarized in the work (Sapinski and Rosół 2016) confirm that the EHMRD is capable of generating power sufficient to supply measurement and processing units. Power is generated for Coil H1 or Coil H2 at frequencies in excess of 2.5 Hz, with the amplitude 4 mm.
CONCLUSIONS
The primary objective of the study was to demonstrate that the EHMRD can act effectively as a velocity sensor and is applicable in semi-active vibration control systems. Accordingly, the selfsensing function is derived enabling the velocity EHMRD to be reconstructed from the emf induced in the harvester coil. The proposed function was verified, implemented and tested in the embedded system based on a STM32F407 processor. The results lead us to the following conclusions:  As regards the technical aspects, the proposed self-sensing function ensures the satisfactory levels of accuracy in reconstruction of velocity signals from emf measured in the harvester coil.  Verification of the proposed self-sensing function revealed that a first-order polynomial can be well used in velocity reconstruction from emf readouts.  The actual values of the self-sensing function parameters obtained in the time domain and in frequency domain allow the velocity reconstruction with similar accuracy levels (the maximum relative difference between the error values equals 3%).  Time instants in which the velocity sign is changed are determined with sufficient accuracy allowing the implementation of switching algorithms,  Implementation of the self-sensing function in the embedded system showed the results to be identical with those obtained using MATLAB.  Efficiency of the embedded system is sufficiently high to allow for implementation of advanced strategies for control of EHMRD and for distribution of energy recovered by the harvesting component.  To improve the accuracy of velocity reconstruction for piston rod inputs in the range (1, 3) Hz, it is required that emf signals should be low-pass filtered.  Implementation of the self-sensing function in the embedded system, including the analogue signal measurement procedure, enables the 10-fold oversampling of emf measurements and operations on medium values.  Analysis of the sample time period, time duration of velocity reconstruction from emf and time duration of control algorithm confirms the applicability of the embedded system to harvester control at vibration frequencies up to 200 Hz. In further studies, the proposed self-sensing function used for velocity reconstruction and implemented on an embedded system will be applied in EHMRD-based vibration control system.
